Photovoltaic (PV) or hybrid PV-battery systems are promising to supply power for residential buildings. In this study, the load profile of a multi apartment building in Gothenburg and the PV production profile under local weather conditions are compared and analyzed. Three different types of batteries, including lead acid, NaNiCl (SodiumNickel-Chloride) and Lithium ion, are studied in combination with the PV systems. It is found that Lithium ion battery system is superior in achieving higher Self-Sufficiency Ratio (SSR) with the same Life Cycle Cost (LCC). Achieving high SSR with the hybrid PV-battery system is unrealistic because of the seasonal mismatch between the load and electricity production profile. The capacity match between the PV and battery to maximize SSR was investigated, showing different trends under system LCC range of 0.1-40 Million SEK (1SEK 0.12USD). The system LCC should be lower than 10.6 Million SEK (at the SSR of 36%) in order to keep the payback time positive.
Introduction
The PV produced electricity in Sweden only accounts for 0.06% of the total electricity consumption [1] . The widely employed method to improve the PV performance is to incorporate batteries (mostly lead acid), because they can help to mitigate the intermittence and to increase the SSR (Self-Sufficiency Ratio) of PV. Recent price drop [2] (ca. 14% annually from 2007 to 2014) of more advanced batteries has made them viable in PV systems. It is of importance to compare costs and performance of different batteries with careful consideration of the users' load profile.
In this study, we firstly analyzed the load profile of a residential building in Gothenburg and power production profile of 1 kWp PV under local weather condition. Three typical batteries were then compared. We also analyzed the matches between the PV and battery and studied the maximal achieved SSR when guaranteeing the balanced LCC.
Methodology

Load and weather profile
The 2014 yearly load profile of a residential building (Gothenburg; N 57.70°, W 11.98°) that comprises of 140 apartments is recorded from Wallenstam AB. The weather data in Gothenburg including the global horizontal radiation (W/m2), the diffuse horizontal radiation (W/m2), wind speed (m/s) and ambient temperature (°C) is taken from a global climatic database, Meteonorm [3] .
Photovoltaic panels
The hourly output of PV is given by:
Where, Gg,t is the total solar radiation; APV is the installed PV area; ηPV is the PV module efficiency [4] . The studied PV module is SUNTECH STP255-20/Wem. The PV panels are installed facing south, and the tilted angles are set to change four times a year (Change to 57.7°, 34.3°, 57.5° and 81.2° on the 5th of February, May, October and November, respectively) according to the altitude angle of the sun.
System configuration and simulation
A schematic diagram of the studied system is shown in Fig. 1 . For system configurations without the battery, surplus electricity from the PV is dumped and insufficient electricity is supplied by the grid. For configurations with battery, surplus electricity from the PV after meeting the load is used to charge the battery. When the battery is fully charged, the extra electricity is dumped. When the PV electricity is not sufficient to meet the load, the battery is discharged.
Batteries are all set to strictly operate above the minimal SOC (State Of Charge). To maintain the minimal SOC, grid power is used when the PV power is not enough.
The Self-Sufficiency Ratio (SSR) and Self-Consumption Ratio (SCR) are defined as:
Where, G(t) is the grid power at time t (kW); L(t) is the load at time t (kW); D(t) is the dumped power time t (kW); P(t) is the PV power at time t (kW). Based on the methodology illustrated above, the study is carried out with own coding in Matlab R2015a environment. 
Results and Discussion
Average daily load and PV power profiles
The average daily load profiles and average daily production profiles from 1kWp PV in typical months are shown in Fig. 2 . The highest and lowest load profile are in February and June, while the highest and lowest PV production are in June and December. The average daily electricity consumption in February (2,419 kWh) almost doubles that in June (1,224 kWh). The average daily electricity production in June (5.20 kWh) is more than 10 times that in December (0.51 kWh).The seasonal mismatch between the load and production implies a reason for the low PV capacity in Sweden. It is also suggested that appropriate electricity storage is necessary. The standard deviation bars indicate that the PV production is more variable than the load, which also implies that appropriate storage is necessary to overcome the intermittence of the PV power.
Comparison between different batteries
Three types of batteries, namely Lead acid, NaNiCl (Sodium-Nickel-Chloride) and Lithium ion, are compared. FIAMM is the only NaNiCl battery producer worldwide. While the characterizing parameters for the lead acid and lithium ion batteries vary greatly with different products. Because detailed and reliable statistic data are not currently available, we chose one typical product. The characteristic parameters are from the product brochure and the prices are quoted from retailers. The lead acid battery's life time is significantly dependent upon on minimal SOC. Two scenarios for the lead acid battery are considered. LCC (Life Cycle Cost) is employed as the economic indicator [5] . The assumed system lifetime is 25 years. The annual cost is taken as 1% [6] , and the discount rate is -0.35% [7] . The yearly total load is 644.4 MWh, which corresponds to yearly production from 590 kWp PV. Considering certain operation losses, PV is firstly assumed to be 800 kWp. The results (Fig. 3) indicate that the Lithium ion battery has better SSR than other batteries. The lead acid battery with 6 years life time is superior to the 2.5 years one. However, it is surprising to find the highest SSR is only 66.0% with battery LCC as high as 30 million SEK. In order to understand the reason for the poor performance, PV capacities are further increased to 1000, 1300 and 1600 kWp The achieved highest SSR (2939 kWh battery and 1600 kWp PV) is 77.5%. The monthly data under this scenario is shown in Table 2 . The diversity on the operation indicators of different seasons indicates that there is massive energy surplus during the summer period, and that massive grid power is required during winter period.
To achieve higher SSR, the surplus electricity in summer should be stored and used later in winter, thus requiring large storage capacity over a long period. However, the battery LCC will be too high with high storage capacity and that battery is not suitable for long period storage, thus battery is not good option for the studied case. Other seasonal storage options should also be considered. For example, hydrogen storage with fuel cell and electrolyzer, though with lower round-trip efficiency, may be more suitable for the studied case, because hydrogen can be cost-effectively stored. Comparison between seasonal storage with battery will be carried on in further studies. 
Matches between battery and PV to maximize SSR under different system LCCs
As reported in [1] , the average price for turnkey PV system (including inverter, other necessary facilities and installation cost) in Sweden market is 12,900 SEK/kWp in 2014. When the annual cost is taken as 2% [6] , and others same as battery, the PV system LCC is 19,371 SEK/kWp.
Because incorporating a battery cause little BOP (balance of plant) cost to an existing turnkey PV system, it is assumed that the sum of battery LCC and PV system LCC represents the total hybrid PVbattery system LCC. Battery LCC (SEK) and PV system LCC (SEK) are set to increase from 0 to 40 million and from 0.1 to 40 million, respectively. The step intervals for both are 0.1 million. A total of 160,400 scenarios are evaluated. The scenarios with the same system LCC are compared and the one with the highest SSR under certain system LCC are shown in Fig. 4 and 5. This approach can both guarantee the accuracy and reduce computation complexity. In Fig. 4 , the system LCC is the sum of x-axis and y-axis value. In Fig. 5 , an indicator that represents the cost-effectiveness is introduced as the ratio of SSR and LCC.
As shown in Fig. 4 , the match that maximize SSR goes through four sections with the increase of total system LCC from 0.1 to 40 million SEK. In the first section (System LCC < 5 Million SEK), there is no need to incorporate battery due to that the power supply of the PV system can be effectively consumed. While in section 2 (5 Million SEK < System LCC < 16 Million SEK), the PV system and battery LCC has a linear relationship. The fitted curve indicates that approximate 1.53 Million more battery LCC is required when the PV system LCC has an increase of 1 Million SEK, corresponding to 98.0 kWh battery and 51.6 kWp PV, respectively. In section 3 (16 Million SEK < System LCC < 35 Million SEK, the PV system and battery LCC also suggest a linear relationship; however, less battery (0.67 more battery LCC with 1 million more PV system LCC) is required compared with section 2. It indicates that battery is more cost-effective than PV in section 2, while vice versa in section 3. In section 4, because the system LCC are too high, thus not discussed here.
As shown in Fig. 5 , when the system LCC is below 1.3 million SEK, the SSR/LCC ratio remains at 7.43, because the power supply from the PV can never surplus the load at any time in the year. After this range, their relation can be fitted as a power trend line.
When taking the electricity price of 1.75 SEK/kWh [13] , and neglecting other possible costs and benefits, the SSR/LCC ratio should stay higher than 3.40 %/Million SEK to have a balanced LCC, corresponding to SSR of 36%. The points are shown in Fig. 4 and 5, respectively.
Conclusions
Load profile of a residential building in Gothenburg and electricity production profile of 1 kWp PV under local weather conditions are compared and found seasonal mismatch between them. Three batteries (Lithium ion, NaNiCl and Lead Acid) are compared with the dynamic simulation. Lithium ion battery system provides higher SSR than with other batteries (NaNiCl and Lead Acid). Achieving high SSR in the studied case requires seasonal storage, which allows surplus electricity in summer be stored and consumed in winter. Matches between PV and battery that maximize SSR under different LCCs (0.1-40 Million SEK) are further studied and found different trends with the increase of LCC. To have balanced LCC, LCC should be below 10.6 million SEK.
